Introduction
Heart failure (HF) is a leading cause of hospitalization for elderly patients worldwide. Approximately 1-2% of the adult population has HF, but the prevalence is ≥10% among persons being 70 years of age or older [1] . The condition is associated with fatigue, thirst, shortness of breath, latent or manifest pulmonary edema, and a worse prognosis [3] . Treatment primarily includes diuretic drugs, beta-blockers, angiotensinconverting enzyme (ACE) inhibitors, fluid and salt restriction, and lifestyle changes.
Changes in the amino-terminal pro-hormone brain natriuretic peptide (NTproBNP) level during in-hospital treatment are strong predictors of mortality and early readmission [2] [3] [4] ; therefore, NT-proBNP levels might be successfully used to guide the treatment of HF patients. An increase in NT-proBNP concentration indicates a worsening of the condition and, together with worsening symptoms, may call for a period of hospitalization or intensified treatment in the patient's home [1] [2] [3] [4] .
Monitoring of HF with NT-proBNP sampling requires one or several visits to a hospital or a general practitioner, which, among frail, immobile older patients, might be an exhausting and complicated undertaking. Measuring NT-proBNP at home is feasible [4] , but it is complicated by the fact that BNP requires blood sampling. Urinary analysis of NTproBNP could be performed more easily, and recent studies show that NT-proBNP may be measured not only in the blood but also in the urine [5] [6] [7] [8] [9] .
The aim of the present study was to analyze the correlation between NT-proBNP measurements in blood and urine during a period of active adjustment of HF treatment. The hypothesis was that trends in the NT-proBNP levels during treatment of the HF condition can be indicated correctly by using urine instead of blood analysis.
Methods

Study design
A prospective observational study was performed at two hospitals with nurse-led HF clinics in Stockholm, Sweden (Söder Hospital and Karolinska University Hospital at Huddinge). The nurses specialize in managing patients with HF and are educated to make protocol-guided changes in their medication.
The local ethics committee in Stockholm approved the study (dnr. 2012/42-32), which complied with the Declaration of Helsinki and was part of a larger evaluation of thirst in HF. All patients were informed about the study verbally and in writing before giving their consent.
Patients
Patients were recruited from those referred to the nurse-led HF outpatient clinics from a cardiology department after being hospitalized for HF, or occasionally, after being treated in the outpatient setting for the worsening of HF. The inclusion criteria were unstable HF (as evidenced by increasing signs and symptoms of HF for ≥ 1 month) with a New York Heart Association (NYHA) functional class of II-IV, and aged ≥ 60 years. All patients had a left ventricular ejection fraction (LVEF) of ≤ 50% as determined by transthoracic echocardiography shortly before optimizing the HF treatment. Exclusion criteria were insulin-treated diabetes, significant psychiatric illness, dementia, advanced kidney disease, palliative end-of-life care, pulmonary disease treated with oxygen, and inability to communicate in Swedish.
Patients were enrolled in the study and baseline data were collected on admission to the HF clinic. The second set of data was collected at the time of outpatient discharge, when the patients were considered to be optimized with respect to their HF treatment. The time period between admission and discharge varied between 13 and 169 days (median: 42).
Measurements
The following clinical data were collected: LVEF, heart rate, arterial pressure, body weight, body mass index, NYHA functional class, co-morbidities, and medications.
At the start and end of care at the HF clinic, the NT-proBNP concentration in the patients' plasma and urine were measured using an Elecsys analyser (Elecsys proBNP, Roche Diagnostics, Mannhein, Germany) with a coefficient of variation of 1.2-1.5% for plasma and 4.4-5.0% for urine. This equipment has previously been found suitable for measuring urinary NT-proBNP levels [8] . Samples were immediately sent for analysis, without being frozen, to the certified clinical chemistry laboratory of the Karolinska University Hospital in Stockholm. The results were expressed in ng/L (which should be divided by 8.46 to be converted into pmol/L).
Statistics
The data were expressed as means and standard deviations (SD); values showing a skewed distribution were presented as the median (25th-75th percentiles). Relationships between the parameters were evaluated using linear regression analysis, where skewed data were logarithm-transformed. Here, the fraction of the variability of y that could be explained by x is given by the coefficient of determination R 2 (squared correlation coefficient). P < 0.05 was considered as statistically significant.
Results
Patients
Sixty-nine patients were asked to participate, all of whom responded favorably.
Three of them were unable to complete the study due to acute clinical deterioration.
Complete laboratory data sets were missing from another 15 patients, leaving 51 for the final analysis. The data on demographics, morbidity, and medical treatments are shown in Table I .
NT-proBNP
The plasma concentration of NT-proBNP on admission was 1,900 (992-2,823 ng/L) ng/L, and the corresponding urinary NT-proBNP was 83 (44-194) ng/L.
The median values for the group hardly changed at all between admission and discharge, whereas changes in some individual patients were large: 27% of the patients had a change of > 50% in their plasma concentration. The corresponding fraction for the urinary concentration was 30%.
Correlations between plasma and urine data
The relationship between the plasma and urinary measurements of NT-proBNP on admission and discharge was statistically significant (P < 0.001). Between 28% and 30% of the variability in the plasma NT-proBNP could be explained (i.e., R 2 ) by the urinary NT-proBNP concentration (Fig. 1A, D) .
The logarithm transformation of the data increased this fraction to 49% on admission and to 58% on discharge ( Fig. 1B and E ).
Further strengthening of the correlation between the plasma and urine data was obtained when accounting for dilution by dividing the urinary NT-proBNP concentration by urinary creatinine: 68% and 76%, respectively, of the variability in the 10 log urinary NT-proBNP/creatinine could then be explained by the 10 log plasma NT-proBNP ( Fig. 1C and F). In contrast, R 2 was only 33% on admission and 38% on discharge when the data
were not logarithm-transformed.
Changes in plasma and urinary NT-proBNP
The relative changes in the raw data on the plasma and urinary NT-proBNP correlated poorly, with R 2 being only 12% (P < 0.01; data not shown). However, correcting for the creatinine excretion increased R 2 to 77% (Fig. 2) . Increasing plasma values were correctly indicated by the urine sample in 76% of the cases (sensitivity) and a reduction of the plasma NT-proBNP in 85% of the patients (specificity).
The sensitivity and specificity of the urine samples to detect the direction of any plasma change rose to 82% and 86%, respectively, when disregarding changes in plasma NT-proBNP within ± 10%. To disregard minor changes appeared to be relevant, as the relative changes of two parameters include four measurements (the two urinary concentrations of which were obtained with a coefficient of variation of almost 5%).
The agreement between the relative changes in plasma NT-proBNP and the creatinine-corrected urinary NT-proBNP is shown in Fig. 3 .
Co-variates
Overall, the plasma NT-proBNP was higher in the higher NYHA classes (Kruskal- The plasma NT-proBNP concentration and the urinary NT-proBNP/creatinine ratio tended to increase with serum creatinine. R 2 for these correlations was 14% and 18% (both P < 0.001), respectively.
Adding any one of the other parameters (age, body weight, serum creatinine, atrial fibrillation, NYHA class, or left ventricular ejection fraction (stepwise multiple regression analysis)) did not significantly strengthen the correlation shown in Fig. 2 (i. e., the one between the relative changes in plasma NT-proBNP and the creatinine-corrected urinary NT-proBNP).
Discussion
Findings
Our results confirm that the NT-proBNP can be measured in urine as well as in plasma in patients with HF [5] [6] [7] [8] [9] [10] [11] . The urinary concentrations were 5-10% of those measured in plasma, and the degree of correlation between the crude values was found to be quite low. The apparent reduction of the variability upon logarithm transformation of the data suggests that the error is concentration-dependent. A stronger correlation between plasma and urine NT-proBNP concentrations was also obtained on correction for urine flow by considering the urinary creatinine concentration, but the considerable deviations with higher plasma levels suggests that the logarithm transformation should be retained.
A useful application of the urinary NT-proBNP measurements appeared to be when changes in individual patients over time were depicted. After correcting the urinary NT-proBNP for creatinine, a strong correlation was found between the relative changes in this ratio and the plasma concentration of NT-proBNP (Fig. 2) . Almost four-fifths of the variability in the change in plasma NT-proBNP could then be accounted for by urinary NT-proBNP/creatinine.
The fact that the correlation between these parameters was quite poor when analyzed separately on admission and discharge suggests that a patient-specific renal clearance constant determines the size of the fraction of the plasma NT-proBNP that will be reflected in the urine samples. This renal clearance is relatively stable from sample to sample, as judged from the high precision by which relative changes in plasma NTproBNP could be predicted from the urinary ratio of NT-proBNP/creatinine.
Previous studies
Ng et al. pointed out the possibility of using urine analysis of natriuretic peptides to diagnose HF a decade ago [5] . They compared 34 NYHA class IV patients with 82 normal subjects and found that the HF patients showed dramatic elevations of the peptide concentrations in both body fluids. R 2 for the correlation between these parameters was about 40% when all of the data were logarithm-transformed.
Cortés et al. reported that urinary NT-proBNP can be used to diagnose HF with a high degree of confidence [6] . They also found higher urinary concentrations for the higher NYHA classes and lower concentrations in obese patients, which the present study confirms. Overall R 2 for the linear plasma/urine relationship was again about 40% for the HF patients. A later study showed that both plasma and urinary NT-proBNP levels remained stable in clinically stable HF patients over a two-year period [7] .
Jungbauer et al. reported that R 2 was 62% for the correlation between plasma and urinary NT-proBNP. They also confirmed that urinary concentration increases with the NYHA class; the cut-off for the diagnosis of HF was set as 14 ng/L [8] .
The renal excretion of NT-proBNP is unaffected by kidney dysfunction [9] and moderate exercise [10] , but it is reduced by poor renal plasma flow, which is common in HF patients [11] . Linssen et al. collected urine over a 24-hour period instead of using spot samples and found that the urinary concentration and diurnal excretion of NT-proBNP were lower in HF patients than in healthy control subjects. There was an inverse correlation between the plasma concentration and urinary excretion of NT-proBNP [11] , which differs from other work [5] [6] [7] . However, Cortez et al. also found that the NTproBNP concentrations are higher in the blood of HF patients but not in healthy controls [6] . Therefore, current evidence suggests that the renal clearance of NT-proBNP is greatly reduced in HF but that the remarkable elevation (≈ 50-fold) of the plasma concentration still results in urinary concentrations that are still proportional to the plasma level.
More than half of our patients had atrial fibrillation, which is known to frequently coexist with HF. Atrial fibrillation increases the plasma NT-proBNP by approximately 50% [12, 13] , although we found no statistically significant influence on the correlations. This is probably because atrial fibrillation does not alter the relationship between NTproBNP in plasma and urine.
Limitations
Previous work focused on the use of urine sampling, alone or combination with blood analysis, as a diagnostic tool to distinguish between those who have HF from those who do not. The present work had a more limited scope, but it is the first to assess whether relative changes in urinary NT-proBNP can be used to indicate changes in plasma concentrations during a period of the active optimization of HF treatment.
Our urinary NT-proBNP concentrations clearly needed correction for creatinine excretion to reduce inter-subject variability, which is a common procedure to account for sample dilution. Researchers who have not found this correction to be necessary have sampled urine early in the morning or several hours after breakfast, which ensures less inter-subject variability in urine flow [5, 6] . In contrast, we sampled throughout the day whenever the patient was scheduled for a visit to the HF clinic, which means that the time relationship between sampling and food and fluid intake was not standardized.
Data on HF symptoms on admission and discharge were collected, but they were not compared with the NT-proBNP changes in this report.
Implications
Substantial changes in plasma NT-proBNP concentration correspond to changes in risk for worsening or improving HF symptoms and prognosis. Rapidly increasing NTproBNP levels may be an early warning sign before acute cardiac decompensation develops; therefore, NT-proBNP analysis is a widely accepted tool for monitoring HF [1] .
Care of HF patients would significantly improve by implementing frequent NTproBNP monitoring in the home care setting and in increased telemonitoring of HF patients [14] . A research project aimed to implement BNP monitoring in the home (the HABIT trial) showed that patients can be taught to take their own blood for testing [4] . The present finding of a stable relationship between relative changes in plasma and urinary concentrations of NT-proBNP over a period of HF treatment optimization opens the possibility of using urine analysis to monitor HF in the home care setting. Patients' adherence to participating in such a program would probably be high if essential information about NT-proBNP changes could be obtained by urine sampling.
The use of a home care system is likely to improve patients' feelings of security and to decrease their symptom burden if combined with easier (online) access to medical guidance regarding the delicate balance between fluid intake and medication. Such a program could hopefully improve their quality of life and decrease the incidence of acute hospital admissions, which constitutes 70% of the healthcare costs associated with HF [15] .
Conclusion
Changes in the plasma concentration of NT-proBNP can be monitored by analyzing urine samples with a high degree of confidence. Serial measurements of urinary NT-proBNP more accurately predicted plasma concentrations of NT-proBNP than single measurements. This is probably due to inter-subject variation in the renal clearance of NTproBNP, which cancels out when changes are studied. Further studies are needed to validate the practical aspects, the medical and psychological benefits and the risks involved in allowing patients to monitor their own HF condition by measuring the creatinine-corrected urinary NT-proBNP in the home care setting. Linear relationship between the relative changes in the plasma and creatinine-corrected urinary NT-proBNP concentrations between two visits to the hospital in patients with HF. Bland-Altman plot showing the agreement between the relative changes in the plasma and creatinine-corrected urinary NT-proBNP concentrations between two visits to the hospital in patients with HF (same data as in Figure 2 ).
